Mitochondrial single-stranded DNA binding protein is required for maintenance of mitochondrial DNA and 7S DNA but is not required for mitochondrial nucleoid organisation  by Ruhanen, Heini et al.
Biochimica et Biophysica Acta 1803 (2010) 931–939
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbamcrMitochondrial single-stranded DNA binding protein is required for maintenance of
mitochondrial DNA and 7S DNA but is not required for mitochondrial
nucleoid organisation
Heini Ruhanen a,1, Sarah Borrie a,1, Gyorgy Szabadkai b,e, Henna Tyynismaa a, Aleck W.E. Jones b,
Dongchon Kang c, Jan-Willem Taanman d,e, Takehiro Yasukawa a,e,⁎
a The Wolfson Institute for Biomedical Research, University College London, Gower Street, London, WC1E 6BT, UK
b Department of Cell and Developmental Biology, University College London, Gower Street, London, WC1E 6BT, UK
c Department of Clinical Chemistry and Laboratory Medicine, Kyushu University Graduate School of Medical Sciences, Fukuoka, Japan
d Department of Clinical Neurosciences, Institute of Neurology, University College London, Rowland Hill Street, London, NW3 2PF, UK
e Consortium for Mitochondrial Research (CfMR), University College London, UK⁎ Corresponding author. The Wolfson Institute for Bi
College London, Gower Street, London,WC1E6BT, UK. Te
20 7209 0470.
E-mail address: t.yasukawa@ucl.ac.uk (T. Yasukawa)
1 The ﬁrst two authors contributed to this work equa
0167-4889/$ – see front matter © 2010 Elsevier B.V. A
doi:10.1016/j.bbamcr.2010.04.008a b s t r a c ta r t i c l e i n f oArticle history:
Received 1 December 2009
Received in revised form 31 March 2010
Accepted 20 April 2010
Available online 28 April 2010
Keywords:
Single-stranded DNA binding protein
mtSSB
Mitochondrial DNA
7S DNA
DNA replication
Mitochondrial nucleoidSingle-stranded DNA binding protein (SSB) plays important roles in DNA replication, recombination and
repair through binding to single-stranded DNA. The mammalian mitochondrial SSB (mtSSB) is a bacterial
type SSB. In vitro, mtSSB was shown to stimulate the activity of the mitochondrial replicative DNA helicase
and polymerase, but its in vivo function has not been investigated in detail. Here we studied the role of mtSSB
in the maintenance of mitochondrial DNA (mtDNA) in cultured human cells. RNA interference of mtSSB
expression in HeLa cells resulted in rapid reduction of the protein and a gradual decline of mtDNA copy
number. The rate of mtDNA synthesis showed a moderate decrease upon mtSSB knockdown in HeLa cells.
These results conﬁrmed the requirement of mtSSB for mtDNA replication. Many molecules of mammalian
mtDNA hold a short third strand, so-called 7S DNA, whose regulation is poorly understood. In contrast to the
gradual decrease of mtDNA copy number, 7S DNA was severely reduced upon mtSSB knockdown in HeLa
cells. Further, 7S DNA synthesis was signiﬁcantly affected by mtSSB knockdown in an oseteosarcoma cell
line. These data together suggest that mtSSB plays an important role in the maintenance of 7S DNA alongside
its role in mtDNA replication. In addition, live-cell staining of mtDNA did not imply alteration in the
organisation of mitochondrial nucleoid protein-mtDNA complexes upon mtSSB knockdown in HeLa cells.
This result suggests that the presence of 7S DNA is not crucial for the organisation of mitochondrial
nucleoids.omedical Research, University
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Human mitochondria maintain closed-circular, double-stranded
DNAmolecules of 16,569 base pairs, themitochondrial DNA (mtDNA).
In contrast to diploid nuclear DNA, mtDNA is a multi-copy genome,
and typically exists as 103–104 copies per cell. It encodes 13 subunits
of the oxidative phosphorylation complexes, along with 22 transfer
RNAs and 2 ribosomal RNAs for translation of the subunits within
mitochondria. It is generally accepted that in vivo several mtDNA
molecules are held together in large protein-DNA complexes, the
mitochondrial nucleoids [1]. The importance of mtDNA maintenancecan be recognised by the fact that mtDNAmutations and copy number
depletion are responsible for human pathology. Such mtDNA
abnormalities impair the oxidative phosphorylation system and result
in a variety of clinical symptoms, which frequently affect the neuronal
system, and cardiac and skeletal muscle [2–4]. Also, the accumulation
of somatic mtDNA mutations was shown to accelerate ageing in mice
[5,6] and large-scale heteroplasmic mtDNA deletion to cause male
infertility [7].
DNA replication is operated by the coordinated action of multiple
proteins. In the process of genome duplication, the parental double-
stranded (ds) DNA is unwound to single-stranded (ss) intermediates,
and nascent strands are synthesised using the unwound ssDNA
parental strands as templates [8]. Among the factors for DNA
replication, single-stranded DNA binding proteins (SSB), which exist
throughout the kingdoms of life, associate with ssDNA in a non
sequence-speciﬁc manner to provide protection to ssDNA against
degradation and to maintain DNA in its functionally active single-
stranded state [9–11]. In addition to this well-recognised function,
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those for DNA repair and recombination. In the case of eubacterial SSB
proteins, the C-terminal region is involved in such interactions,
through which SSB stimulates the activity of interacting proteins. SSB
is thus not only a protector of ssDNA stretches but also actively
involved in DNA transaction processes through protein–protein
interactions [10,11].
SSB also exists in eukaryotic mitochondria [12]. cDNA analysis
revealed that human mitochondrial SSB (Hs mtSSB) is translated as a
148 amino acid polypeptide, the ﬁrst 16 amino acids of which were
proposed to be removed after import of this protein intomitochondria,
resulting in amature protein of 132 amino acids [13]. mtSSB is distinct
from nuclear SSB, the replication protein A (RPA), but similar to
homotetrameric eubacterial SSBs, such as Escherichia coli SSB. Despite
the relatively low sequence identity between HsmtSSB and E. coli SSB
[13], they share close similarity in homotetrameric structure [14,15]
and biophysical properties in binding to ssDNA [16]. Hs mtSSB lacks
the C-terminal region of E. coli SSBwhich is required for the interaction
with the factors for DNAmetabolism [10]. Although this suggests that
HsmtSSB cannot interact with other proteins, HsmtSSB was shown to
have a stimulatory effect on the unwinding activity of the mitochon-
drial DNA helicase, Twinkle [17]. This stimulation of Twinkle was not
observed with E. coli SSB, and thus a direct interaction betweenmtSSB
and Twinkle was presumed [17]. Furthermore, mtSSB considerably
enhanced the mitochondrial DNA polymerase γ (polγ)-dependent
DNA synthesis reaction in the presence of Twinkle in vitro [18]. Also, in
vitro studies with Drosophila (Ds) mtSSB proposed that this protein
increases the processivity of Ds polγ by stimulating the initiation of
DNA synthesis, and an interaction of Ds mtSSB with Ds polγ was
assumed [19,20]. A ﬂy mutant lacking mtSSB protein expression
showed drastic mtDNA depletion and cell proliferation failure during
development [21]. In Saccharomyces cerevisiae, themtSSB gene RIM1 is
essential for themaintenance ofmtDNA [22]. These reports all support
the idea that mtSSB is an indispensable protein for mtDNA mainte-
nance. Curiously, quantiﬁcation of HsmtSSB in cultured cells revealed
that mtSSB protein is approximately 3000 fold more abundant than
mtDNA molecules [23]. The large excess of mtSSB over mtDNA raises
the question as to whether the expression level of mtSSB is tightly
regulated for replication and maintenance of mtDNA.
A certain proportion of mtDNA molecules in mammals hold a short
third strand which forms a triple-stranded region, the D-loop [24,25].
The third strand, called 7S DNA, is positioned in the major non-coding
region of mtDNA, and is approximately 650 bases long in humans [26].
Although 7S DNA was discovered about four decades ago [24,25], its
function is still not clear. Itwasproposed to be aprimer for theheavy (H)
strand replication under the strand-displacement mtDNA replication
model or to be an aborted product of nascent H strand synthesis [26]. A
role in the regulation of mitochondrial transcription was also suggested
[26]. Recently, theD-loopwasproposed to serve as the binding centre of
proteins that regulate the dynamics of mitochondrial nucleoids [27,28].
In addition to the unclear role of 7SDNA, nearly nothing is known about
its regulation. For example, it is not understood how the abundance of
7S DNA is determined and monitored.
Here we investigated the role of mtSSB in the mitochondria of
cultured human cells. Knockdown of mtSSB expression by siRNA
transfection in HeLa cells resulted in a moderate reduction of mtDNA
copy number, which was conﬁrmed to be due to a decreased activity
of mtDNA synthesis. Furthermore, reduction of mtSSB protein level
caused a rapid and severe decrease of 7S DNA in HeLa cells. Pulse-
labelling of newly synthesised mtDNA in the thymidine kinase 1-
deﬁcient osteosarcoma cell line 143B [TK−] suggested that the
synthesis of 7S DNA was signiﬁcantly affected when mtSSB was
silenced in this cell line. Herewe propose thatmtSSB is involved in the
regulation of the mtDNA D-loop by playing an important role in the
synthesis of 7S DNA, an activity which appears to be distinct from its
role in normal mtDNA replication.2. Materials and methods
2.1. Cell culture and RNA interference
HeLa cells were cultured in DMEM supplemented with 10% FBS
and penicillin–streptomycin. Transfection of cells with short double-
stranded RNA (dsRNA) was performed using Lipofectamine 2000
reagent (Invitrogen) according to the method described previously
[28] with modiﬁcations. Brieﬂy, cells were plated on the day previous
to the day of transfection, and the transfection was performed with
either scrambled control dsRNA (AllStars Negative Control siRNA
from Qiagen) or mtSSB-speciﬁc dsRNA (iGENE Therapeutics, Japan) at
a concentration of 1 nM in the transfection medium Opti-MEM
(Invitrogen) on “Day 0”. Four hours after addition of the transfection
medium, an equal volume of medium consisting of DMEM with 30%
FBS and penicillin–streptomycin was added. Twenty-four hours later,
the medium was replaced with the standard medium. Three days
post-transfection, cells were harvested for the subsequent analyses.
When time-course assays were performed, multiple transfections
were performed at Day 0 and cells were harvested daily. The
concentration of dsRNA in the time course was also 1 nM except for
one set of assays with 0.5 nM. The sequence of human mtSSB-speciﬁc
dsRNA was 5′-GCGACAAGCAACAACAAUC-3′ (sense) and 3′-GAUU-
GUUGUUGCUUGUCGCCU-5′ (antisense).
In addition, the thymidine kinase 1-deﬁcient osteosarcoma cell
line, 143B [TK-] [29] was used for bromo-2′-deoxyuridine (BrdU)
labelling of mtDNA (see Section 2.5).
2.2. Western blot analysis
Cells were lysed with cell lysis buffer consisting of PBS, 1% SDS and
protease inhibitor cocktail (Complete, EDTA-free Protease Inhibitor
Cocktail from Roche Diagnostics), followed by sonication and centrifu-
gation of the lysate at 13,000 rpm, after which the supernatant was
separated fromanydebris. The concentrationof the total cellularprotein
was determined using the BCA protein assay kit (Thermo Scientiﬁc).
Equal amounts of protein were electrophoresed in SDS-polyacrylamide
gels, and the proteins were blotted onto PVDF membrane (Millipore).
Immunodetection of mtSSB, the accessory subunit of polγ (polγB) and
mitochondrial transcription factor A (TFAM) was carried out using
previously described primary antibodies for the above proteins [23,30].
The secondary antibodyusedwas anti-rabbit HRP conjugate. For tubulin
detection, anti-tubulin antibody (Abcam) and anti-mouse HRP conju-
gate were used. The immunodetection of the protein bands was
performed using Amersham ECL Plus Western Blotting Detection
Reagents (GE Healthcare) by exposing the membranes to Amersham
Hyperﬁlm ECL (GE Healthcare). The western blot images were scanned
and densitometric analysis of the immunodetected protein bands was
performed using ImageJ.
2.3. Total DNA preparation, RT-qPCR and Southern hybridisation
Total DNA was prepared from cells using either DNeasy Blood &
Tissue Kit (Qiagen) or a conventional DNA preparation method
described in [28] with modiﬁcations. In the latter method, cells were
lysed with cell lysis buffer (75 mMNaCl, 50 mM EDTA, 10 mMHepes-
NaOH (pH7.2), 1% SDS and 0.2 mg/ml proteinase K) and the lysate
was incubated at 50 °C for 1 hour. An equal volume of 2-propanol was
then mixed with the lysate, and DNA was pelleted by centrifugation.
The pellet was rinsed with 70% ethanol, air-dried and dissolved in
10 mM Hepes-NaOH (pH 7.2). In some instances, the extraction steps
with phenol and chloroform/isoamyl-alcohol were combined.
Quantiﬁcation of mtDNA copy number was carried out using a real-
time quantitative PCR (RT-qPCR) method with Dynamo SyBR Green
qPCRkit (NewEnglandBiolabs). The primer set for the ampliﬁcationof a
region in human mtDNA was 5′-CCTGACTCCTACCCCTCACA-3′ and 5′-
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gene standard, was 5′- TCACCCACACTGTGCCCATCTACGA-3′ and 5′-
CAGCGGAACCGCTCATTGCCAATGG-3′. PCR was performed using Mas-
tercycler ep Realplex (Eppendorf) with 40 cycles of 95 °C for 15 s, 56 °C
for 15 s and 72 °C for 20 s. The mtDNA content in each sample was
normalised to the beta-actin gene content.
Southern blot analysis of mtDNA was carried out with total DNA
prepared by the conventional DNA preparation method. To release 7S
DNA from mtDNA, heat denaturation of DNA was performed in buffer
containing 25 mM EDTA at 90 °C for 3 min and the incubation was
terminated by transferring the sample tubes into crushed ice. To
linearise the genome-length mtDNA, total DNA was digested with
restriction enzyme PvuII (New England Biolabs). The processed DNA
samples were then electrophoresed in 0.8–1% agarose gels, and
Southern hybridisation was performed as described previously [31].
The gels were blotted onto Zeta-Probe Membrane (Bio-Rad Labora-
tories), followed by ﬁxation of the blotted DNA by UV cross-linking. A
radiolabelled probe was then hybridised to the blotted membranes at
65 °C in 0.25 M sodium phosphate (pH 7.2), 7% SDS overnight, and the
membranes were washed with 150 mM NaCl, 15 mM sodium citrate
buffer (pH 7.0) (1×SSC) and then 1×SSC with 0.1% SDS a few times
each. The membranes were exposed to phosphor imaging plates for
visualisation of the bands and quantiﬁcation of the band intensity
performed with a Typhoon instrument (GE Healthcare). The radi-
olabelled DNA probe was produced with Ready-To-Go DNA Labelling
Beads (-dCTP) (GE Healthcare) and [α-
32
P] dCTP (3000 Ci/mmol, from
PerkinElmer or Hartmann Analytic) using a PCR fragment of the
mtDNA region spanning from nucleotide 16,341 to 151 that covers
part of D-loop region. The primers used for the production of the PCR
fragment were 5′-TTACAGTCAAATCCCTTCTCGTCC-3′ and 5′- GGAT-
GAGGCAGGAATCAAAGACAG-3′ [31].
2.4. In cell radioactive mtDNA synthesis assay
Synthesis of mtDNA was observed in living cells by measuring the
incorporation of [methyl-
3
H] thymidine into mtDNA as described
previously [32] with some modiﬁcations. Scr dsRNA or mtSSB dsRNA
was transfected into HeLa cells in 12-well plates in duplicate and the
cells were incubated for 3 days as described above. After 2 days of
transfection, 4 μg/ml aphidicolin with or without 25 μM 2′,3′-
dideoxycytidine (ddC) was added to the medium. Then, for the last
22 hours, cells were treated with 5 μCi/well [methyl-
3
H] thymidine
(MP Biomedicals). After labelling of mtDNA, cells were washed three
times with PBS and lysed overnight in 0.25 M NaOH. A fraction of
lysed cells was spotted onto DE81 anion exchange paper (Whatman)
in triplicate. The anion exchange paper was then washed three times
with 2×SSC and once with ethanol to remove unincorporated
[methyl-
3
H] thymidine. Finally, the anion exchange paper was dried
and the radioactivity on the paper was measured by liquid
scintillation counting. The amount of protein in HCl-neutralised
lysates was determined with the BCA Protein Assay kit. The ddC-
sensitive [methyl-
3
H] thymidine incorporation was calculated per μg
of protein.
2.5. In cell BrdU labelling of newly synthesised mtDNA and Southwestern
analysis using 143B [TK−] cells
Prior to the BrdU labelling, 143B [TK−] cells were transfected with
either control siRNA or mtSSB-speciﬁc dsRNA at a concentration of
1nM and cultured for approximately three days. Then, the cells were
incubated in culture medium containing 100 μMBrdU at the indicated
duration to label mtDNA. After the incubation, cells were lysed with
the cell lysis buffer and total DNA was prepared from the cells by the
conventional DNA preparation method as described in Section 2.3.
Release of 7S DNA from mtDNA and generation of the linear genome-
length mtDNA was performed essentially as described in Section 2.3except that the restriction enzyme used for the linearisation was NaeI
(New England Biolabs). The processed DNA samples were then
electrophoresed in 0.8–1% agarose gels and Southwestern blotting
was performed [29] with some modiﬁcations. Brieﬂy, the gels were
treated once with 0.258 N HCl, then twice with 0.5 M NaOH, 1.5 M
NaCl and ﬁnally twice with 0.5 M Tris–HCl, 1.5 M NaCl (pH 7.4), and
then blotted onto Hybond N+ membrane (GE Healthcare) and the
blotted DNA was ﬁxed by UV cross-linking. After blocking procedure,
immunodetection of the BrdU-labelled DNA was performed with
1:1000 dilution of anti-BrdU (Becton Dickinson Immunocytometry
Systems) for the primary antibody and 1:5000 dilution of anti-mouse
HRP conjugate (DakoCytomation) for the secondary antibody.
Visualisation of the DNA bands was performed using Amersham ECL
Plus Western Blotting Detection Reagents by exposing the mem-
branes to Amersham Hyperﬁlm ECL.
2.6. Live-cell imaging
For visualisation of mtDNA and the mitochondrial network, HeLa
cells were seeded on glass coverslips and dsRNA transfection
performed as described in 2.1. For mtDNA staining, cells were loaded
with 0.5 μl/ml of PicoGreen solution (Quant-iT PicoGreen DS DNA
assay, Invitrogen P7589) in a modiﬁed Krebs buffer (135 mM NaCl,
5 mM KCl, 1 mM MgSO4, 0.4 mM K2HPO4, 1 mM CaCl2, 5.5 mM
glucose, 20 mM HEPES, pH 7.4) for 1 h at 37 °C. For the ﬁnal 20 min
of staining with PicoGreen, 50 nM Mitotracker Deep Red (Invitrogen,
M22426) was added to the solution to visualise the mitochondrial
network. After loading, cells were washed twice with Krebs buffer,
and the coverslip was mounted in an imaging chamber in dye free
Krebs buffer. Loaded coverslips were imaged immediately on a Zeiss
LSM 700 confocal microscopy system (Carl Zeiss, Jena). Z-series of
images were acquired with a 63×, 1.4 NA objective, using the 488 nm
and 633 nm excitation wavelengths of a diode laser for PicoGreen and
MitoTracker Deep Red respectively, in order to avoid any spectral
overlap. PicoGreen intensities were obtained after maximal projection
and thresholding of the images over the nuclear and mitochondrial
regions of the cell, using MetaMorph 5.0 software (Molecular
Devices).
3. Results
3.1. RNA interference of mtSSB expression decreases mtDNA copy
number moderately and causes a severe reduction in the level of 7S
DNA in HeLa cells
To study the involvement of mtSSB protein in mtDNA mainte-
nance, knockdown of mtSSB was performed using RNA interference
technique on cultured human HeLa cells. Three days after transfection
with short dsRNA targeting mtSSB mRNA, a signiﬁcant reduction of
mtSSB protein was observed by western blot analysis (Fig. 1A),
conﬁrming effective knockdown of the target protein with the mtSSB-
targeted dsRNA used. The mtSSB protein level was estimated to be
approximately 20% in mtSSB dsRNA-treated cells as compared to that
in the scramble (Scr) dsRNA-treated cells three days after transfec-
tion. Under these conditions, RT-qPCR revealed that the mtDNA copy
number in the mtSSB dsRNA-treated cells was decreased moderately,
by approximately 40%, as compared to that in Scr dsRNA-treated cells
(Fig. 1B).
In an in vitro assay where the release of 7S DNA from mtDNA was
induced either by recombinant TFAM or 1-methyl-4-phenylpyridi-
nium (MPP+), pre-treatment of isolated mtDNA with recombinant
mtSSB prevented the 7S DNA release [23]. This prompted us to analyse
whether mtSSB is involved in the regulation of 7S DNA in living cells.
Total DNA prepared from mtSSB dsRNA- or Scr dsRNA-transfected
HeLa cells was heat-denatured to release 7S DNA from mtDNA and
subjected to Southern hybridisation.While 7S DNAwas readily visible
Fig. 1. Analysis of mtSSB levels and changes in mtDNA upon dsRNA knockdown. HeLa cells were transfected with either scramble (Scr) dsRNA or mtSSB-targeted (mtSSB) dsRNA and
incubated for 3 days. A. mtSSB levels were analysed in total cellular lysate by western blotting. Tubulin was used as the loading control for mtSSB detection. The graph below the
western blot panels shows the estimate of the mtSSB levels 3 days after dsRNA transfection using four selected western blot results from the single time point transfections and the
time-course assays (see Fig. 3). In each experiment, the intensity of the mtSSB band was normalised by that of the tubulin band in each lane. The mtSSB level in Scr dsRNA-treated
samples was expressed as 100 and the relative level of mtSSB in mtSSB dsRNA-treated samples was calculated and the mean with S.E.M. is shown. B. The relative copy number of
mtDNA was analysed using RT-qPCR. The value of mtDNA content was normalised against beta-actin gene content. The relative mtDNA copy number in Scr dsRNA-treated cells was
expressed as 100 in each experiment and that in mtSSB dsRNA-treated cells was expressed relative to this. The graph gives the average of the results from three independent
transfection experiments with S.E.M. C. Southern hybridisation analysis of 7S DNA. Total DNAwas prepared from Scr dsRNA-treated cells andmtSSB dsRNA-treated cells and an equal
amount of the DNA was subjected to heating, followed by agarose gel electrophoresis and Southern hybridisation using a radiolabelled probe covering the D-loop region of mtDNA.
The right panel shows the digitally intensiﬁed image of the 7S DNA region of the left panel. The band corresponding to 7S DNA is indicated by an arrow. Bands in high molecular
weight range are denatured genome-length mtDNA [44].
Fig. 2.Measurement of the mitochondrial DNA synthesis activity. On the third day after
transfection of HeLa cells with either Scr dsRNA or mtSSB dsRNA, de novo mtDNA
synthesis was examined by quantiﬁcation of the ddC-sensitive incorporation of
[methyl-
3
H] thymidine into mtDNA over a 22-hour duration in the presence of
aphidicolin. Data are shown as disintegrations per minute incorporated per μg protein,
and are the mean of 4 independent transfection assays with S.E.M. (*pb0.0001).
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dsRNA-treated cells, indicating that a severe reduction in 7S DNA was
induced by mtSSB knockdown (Fig. 1C).
3.2. Activity of mtDNA replication is decreased upon mtSSB knockdown
in HeLa cells
To examine whether the reduction of the mtDNA copy number in
mtSSB dsRNA-transfected cells (Fig. 1) was caused by a decrease in
the activity of mtDNA synthesis, we quantiﬁed the incorporation of
[methyl-3H] thymidine into mtDNA on the third day of dsRNA
transfection in the presence of aphidicolin, an inhibitor of nuclear
DNA polymerases using HeLa cells [32]. The same assay was
performed in parallel in the presence of 2′ 3′-dideoxycytidine
(ddC), a widely-used inhibitor of polγ [33] in the culture medium.
The amount of incorporated [methyl-3H] thymidine into DNA in the
presence of aphidicolin and ddC was subtracted from the value
obtained in the corresponding assay with aphidicolin but without ddC
to exclude any residual incorporation of [methyl-
3
H] thymidine into
nuclear DNA from the data for de novo mtDNA synthesis.
Using this assay system, it was revealed that incorporation of
[methyl-3H] thymidine into mtDNA of mtSSB dsRNA-treated cells was
inhibited by approximately 60% as compared to that of Scr dsRNA-
treated cells on the third day of dsRNA transfection (Fig. 2). Because
the mtDNA copy number was decreased by approximately 40% after
3 days of treatment with mtSSB dsRNA (Fig. 1), the mtDNA synthesis
result suggests that the activity of mtDNA replication was slightly but
clearly decreased when mtSSB was knocked down in HeLa cells.
3.3. Decrease of 7SDNA follows the changes in mtSSB protein level in
HeLa cells
To investigate how the changes in the expression levels of mtSSB
inﬂuence the mtDNA copy number and the abundance of 7S DNA in
HeLa cells, these parameters were monitored in a time-course
manner. Western blot analysis of mtSSB revealed that its expressionlevels were already reduced after one day of dsRNA transfection
(Fig. 3A). The copy number of mtDNA in Scr dsRNA- and mtSSB
dsRNA-treated cells was quantiﬁed using RT-qPCR. The changes of the
mtDNA copy number upon the dsRNA transfection were expressed as
the percentage of mtDNA content in mtSSB dsRNA-treated cells
relative to that in Scr dsRNA-treated cells at each day (Fig. 3B). This
value decreased gradually from day 1 to day 3, which is consistent
with the moderately reduced mtDNA replication activity observed in
the in cell mtDNA replication assay (Fig. 2). To analyse the changes in
the abundance of 7S DNA accurately, we examined the 7S DNA
amount against the genome-length mtDNA molecules in the DNA
samples that were prepared from Scr dsRNA- and mtSSB dsRNA-
transfected HeLa cells as follows. An equal amount of total DNA from a
sample was either heat-denatured to have fully released 7S DNA or
digested with PvuII to produce linearised genome-length mtDNA
Fig. 3. Time-course analysis of mtSSB protein level (A), mtDNA copy number (B) and 7S DNA level (C and D). dsRNA transfection of HeLa cells was performed on Day 0. The following
days (from Day 1 to Day 3) indicate the duration after the transfection. Cells harvested on Day 0 were not transfected with dsRNA. At each day, total cellular lysate and DNA were
prepared from the cells. A. Western blot analysis of mtSSB and Tubulin. B. The relative copy number of mtDNA in mtSSB dsRNA-treated cells against Scr dsRNA-treated cells. The
mtDNA content of mtSSB dsRNA-treated cells were divided by that of Scr dsRNA-treated cells at each day and plotted as percentage value. C. Southern hybridisation analysis of 7S
DNA. Total DNA was either subjected to heat denaturation (lanes H) or digested with PvuII (lanes P) and electrophoresed next to each other. The bands corresponding to the
linearised genome-length mtDNA (mtDNA/PvuII) and 7S DNA are indicated by arrows. D. Quantiﬁcation of 7S DNA against the genome-length mtDNA. The intensity of the band
corresponding to 7S DNA in lane H against that to the linearisedmtDNA in lane P at Day 0 (the bands are indicated by dotted square boxes in C) was expressed as 100 and the relative
values of 7S DNA in lanes H against the linearised mtDNA in lanes P at each day and each dsRNA treatment were plotted (gray circles for Scr dsRNA-treated cells and black circles for
mtSSB dsRNA-treated cells). The graphs in B and Dwere produced from 4 independent transfection experiments, three with 1 nM dsRNA and onewith 0.5 nM dsRNAwith S.E.M. The
images in A and C are typical examples of these experiments.
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point and with each dsRNA treatment was then determined. In
contrast to the changes in mtDNA copy number, the level of 7S DNA
against the mtDNA molecules appeared to be inﬂuenced directly by
the expression level of mtSSB; one day after transfection it had
already fallen signiﬁcantly and decreased sharply in the following
days in mtSSB dsRNA-treated cells, while the level of 7S DNA against
the genome-length mtDNA in Scr dsRNA-treated cells remained more
or less constant from day 1 to day 3 (Fig. 3C and D). Further, taking
into consideration the fact that the copy number of mtDNA declined in
mtSSB-knockdown cells, the decrease in the absolute amount of 7S
DNA in these cells was extremely severe.
Since 7S DNA was reported to have a high turnover rate in mouse
cells [34], the loss of 7S DNA observed above could be the con-
sequence of rapid decay of 7S DNA over the reduced mtDNA synthesis
activity. To examine this possibility, inhibition of mtDNA synthesis by
ddC was performed using HeLa cells. The primary mode of action of
ddCTP in the inhibition of mtDNA synthesis is believed to be through
decreasing the processivity of polγ [35]. When the copy number of
mtDNA in cells cultured in medium containing ddC was reduced as
compared to that in the control cells cultured in normal medium
(Supplementary Fig. 1A), the levels of 7S DNA against the genome-length mtDNA did not show a decrease in the ddC-treated cells at day
3 of the treatment (Supplementary Fig. 1B and 1C). This result
suggests that the reduction of the 7S DNA observed upon silencing of
mtSSB expression was directly caused by the knockdown of mtSSB
and not by the reduced activity of mtDNA synthesis due to the mtSSB
knockdown.
In addition, since no signiﬁcant shorter mtDNA molecules were
detected below the genome-lengthmtDNA band in themtSSB dsRNA-
treated samples, reduction of mtSSB levels did not compromise
mtDNA integrity in HeLa cells.3.4. Mitochondrial proteins known to inﬂuence the 7S DNA levels are
unchanged in HeLa cells
Previously, mtDNA copy number and the level of 7S DNA were
shown to be inﬂuenced by the modulation of the expression levels of
the mitochondrial transcription factor A, TFAM [36,37] and the
accessory subunit of polγ, polγB [28]. Thus we investigated whether
there were any changes in the levels of these proteins in HeLa cells
under the experimental conditions used here. As shown in Fig. 4, the
levels of TFAM and polγB in Scr dsRNA- andmtSSB dsRNA-transfected
Fig. 4. Western blot analysis of TFAM and polγB. Total cellular lysate of HeLa cells
cultured for 3 days after dsRNA transfection was subjected to analysis of protein levels
of TFAM and polγB. Reprobing with Tubulin on the respective membranes was
performed as the loading control.
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result of the reduction in mtSSB level.
3.5. Knockdown of mtSSB signiﬁcantly affects the synthesis of 7S DNA in
143B [TK−] cells
To investigate how the reduction of the mtSSB level resulted in the
loss of 7S DNA, pulse-labelling of newly synthesised mtDNA was
performed using the thymidine kinase 1-deﬁcient osteosarcoma cell
line, 143B [TK−]. Since this cell line has thymidine kinase 2 which is
localised to mitochondria, BrdU is incorporated speciﬁcally into
mtDNA when BrdU is added to the cell culture medium [29]. The
labelled mtDNA can be visualised with Southwestern blotting.
Approximately 3 days after 143B [TK−] cells were transfected with
either Scr dsRNA or mtSSB dsRNA, they were incubated in medium
containing BrdU at the indicated duration and harvested. To analyse
the genome-length mtDNA, the samples were linearised with NaeI.
The recognition sequence of this enzyme does not contain thymidine
where BrdU could be incorporated. A band at the expected size of the
genome-length mtDNA was observed and its intensity increased in
the time dependent manner (Fig. 5A). For 7S DNA detection, the
samples were heat-denatured prior to gel electrophoresis and theFig. 5. Southwestern blot analysis of newly synthesisedmtDNA. Pulse-labelling ofmtDNA
with BrdUwasperformedusing143B [TK−] cells at the indicatedduration (1–3h)after the
transfectionwith either Scr dsRNAormtSSBdsRNA. TotalDNAprepared fromthe cellswas
subjected to Southwestern blot analysis. A. Detection of the BrdU-labelled genome-length
mtDNA digested with NaeI. B. Detection of BrdU-labelled 7S DNA released by heat
denaturation treatment.expected size band for 7S DNA was observed in Scr dsRNA-treated
cells (Fig. 5B). While the bands for the genome-length mtDNA in
mtSSB dsRNA-treated cells showed similar intensity to those in Scr
dsRNA-treated cells in the labelling duration used, the labelling of 7S
DNA was much poorer in the former (Fig. 5). This result suggested
that the knockdown of mtSSB directly suppressed the synthesis of 7S
DNA.
3.6. mtSSB reduction does not affect the organisation of mitochondrial
nucleoids in HeLa cells
To investigate the effect of mtSSB knockdown and 7S DNA
depletion on the organisation of mitochondrial nucleoids, staining of
mtDNA with the DNA intercalating dye PicoGreen was performed in
living HeLa cells. Cells were stained three days after the dsRNA
transfection and observed with confocal microscopy. As is evident in
Fig. 6A, mitochondrial nucleoids in mtSSB dsRNA-treated cells
exhibited less intense staining with PicoGreen as compared to those
in Scr dsRNA-treated cells. Since it has beenproposed that the stainingof
mitochondrial nucleoids by PicoGreen is inﬂuenced by the copynumber
of mtDNA [38] and the topological state of mitochondrial nucleoids
[1,27], quantitative analysis of the ﬂuorescent signal of the nucleoids
was performed.We quantiﬁed the nucleoid ﬂuorescent intensities in at
least 20 cells at eachmeasurement, and obtained themeanof the sumof
all nucleoid ﬂuorescent intensities per cell. A similar calculation was
performed to obtain themean of the ﬂuorescent intensity of the nucleus
in each cell. The ratio of the mean value of total nucleoid ﬂuorescent
intensity to the mean value of nuclear ﬂuorescent intensity was then
calculated for each cell to obtain the ‘relative ﬂuorescent intensity of
mitochondrial nucleoid’. This value was used for the subsequent
quantitative examination of mitochondrial nucleoids. Six sets of
analyses with both Scr dsRNA and mtSSB dsRNA were performed
(three sets per dsRNA under two independent transfection trials), and
the mean of the six ‘relative nucleoid ﬂuorescent intensity’ for each
condition was calculated (Fig. 6B). The mean value for mtSSB dsRNA-
treated cells was approximately 30% less than Scr dsRNA-treated cells.
Since this value is in good correlationwith the reduction ofmtDNA copy
number determined by RT-qPCR (Fig. 1) [38], the result suggested that
no alteration in the organisation of mitochondrial nucleoids was
induced upon knockdown of mtSSB and concomitant depletion of 7S
DNA.
Mitotracker staining showed no apparent difference between the
mtSSB dsRNA-treated cells and Scr dsRNA-treated cells. This
suggested no inﬂuence on mitochondrial morphology of mtSSB
knockdown (Fig. 6).
4. Discussion
4.1. Necessity of mtSSB for mtDNA replication
The molecular ratio of mtSSB and mtDNA was estimated to be
3000:1 [23], but it is not known whether such a large excess of mtSSB
is a critical factor for mtDNA replication to maintain the copy number
of mtDNA. We examined this point by knocking down mtSSB levels
with the dsRNA transfection in cultured human HeLa cells, and
observed that the mtDNA copy number declined gradually. Because
the decrease in the de novo mtDNA synthesis is slightly more
pronounced than the decrease in mtDNA copy number in HeLa cells,
these data suggest that the reduction in mtDNA copy number is a
consequence of moderately decreased activity of DNA synthesis in
mitochondria due to the insufﬁcient supply of mtSSB to the
replication machinery. We thus propose that the high level of
mtSSB is not an absolute requirement of the DNA synthesis but is to
assure the mitochondrial replication system maintains the required
rate of mtDNA synthesis, presumably through the efﬁcient and
complete binding of mtSSB to the ssDNA region at the replication
Fig. 6. Confocal analysis of mitochondrial nucleoids. A. Live-cell staining with PicoGreen and Mitotracker, 3 days after dsRNA transfection of HeLa cells. Cells were imaged as
described in Section 2. 6. Representative images of Scr dsRNA- and mtSSB dsRNA-transfected cells are shown. Scale bars are 20 μm and 2 μm on the low and high magniﬁcation
images, respectively. B. Quantitative analysis of the PicoGreen signal frommitochondrial nucleoids. Themean ﬂuorescent intensity of mitochondrial nucleoids was normalised to the
ﬂuorescent signal from the nucleus (see main text), and the subsequent ratio expressed as a percentage of the ratio in Scr dsRNA-treated cells. The data are presented as mean ratio
±s.e.m (n=6) (*p=0.015). Mitochondrial nucleoid foci with weak PicoGreen staining were hindered by the Mitotracker signal in Merge images, particularly in mtSSB dsRNA-
treated cells.
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degradation, to prevent it from forming secondary structure and to
interact with Twinkle and polγ to ensure their processivity.
As mentioned above, the [methyl-
3
H] thymidine labelling using
HeLa cells showed reduced activity of mtDNA synthesis upon mtSSB
knockdown. On the other hand, BrdU incorporation into the genome-
length mtDNA in 143B [TK−] cells was similar between the cells
treated with Scr dsRNA andmtSSB dsRNA, though the relative mtDNA
copy number in the mtSSB dsRNA-treated cells was roughly 30% of
that in Scr dsRNA-treated cells at the time of the labelling (data not
shown). The reason why the latter labelling experiment gave such a
result is not clear. It could be due to the large difference in the
duration of labelling; 22 h for the HeLa cell labelling compared with
only a few hours for the 143B [TK−] cell labelling. It might be difﬁcult
to analyse the rate of mtDNA synthesis over such a short durationunder our experimental conditions of the BrdU labelling. Another
possibility could be that polγmisincorporates BrdUTP into DNA more
frequently when mtSSB level is unusually low.
4.2. Requirement of mtSSB for 7S DNA maintenance
In the current work, we showed that the knockdown of mtSSB
caused a rapid and severe loss of 7S DNA in HeLa cells. It was fortunate
that the decay proﬁles of the relative mtDNA copy number and the 7S
DNA level showed a clear difference in the dsRNA transfection
experiments with HeLa cells. Since the inhibition of mtDNA synthesis
by ddC treatment did not result in such reduction of 7S DNA, the
decreased rate of mtDNA synthesis is unlikely to explain the loss of 7S
DNA when mtSSB was knocked down in HeLa cells. The result implies
a certain speciﬁc role of mtSSB on the maintenance of 7S DNA. To
938 H. Ruhanen et al. / Biochimica et Biophysica Acta 1803 (2010) 931–939investigate how mtSSB is involved in this maintenance apart from its
role in normal DNA replication pulse-labelling of newly synthesised
mtDNA was performed utilising the 143B [TK−] cell line. 7S DNA was
found to be poorly labelled in the mtSSB dsRNA-transfected cells,
suggesting that mtSSB plays an important role in the synthesis of 7S
DNA.
mtSSB has been shown to remain bound at the D-loop after a
puriﬁcation procedure of mtDNA-protein complex that included
extraction with strong detergent (1% SDS) and dialysis with high
concentration salt (0.5 M NaCl) [39]. Further, the mtSSB bound to the
D-loop in the preparation inhibited branch migration of 7S DNA from
the genome-length mtDNA [39]. Using puriﬁedmtDNAmolecules and
recombinant mtSSB, the ability of mtSSB to prevent the release of 7S
DNA frommtDNA despite the promotion of release by TFAM or MPP+
was demonstrated [23]. Although these results implied that mtSSB
could play a key role in stabilising the D-loop structure in vivo, it
remained possible that mtSSB non-speciﬁcally bound to the exposed
ssDNA in D-loop region after the actual D-loop binding proteins were
stripped off in the abovementioned studies [23,39]. The data obtained
in this study suggested that mtSSB is crucially required for the
‘synthesis step’ of 7S DNA, to maintain the normal level of 7S DNA.
This idea does not contradict with the report in which 7S DNA was
shown to be high turnover molecules [34]. It is possible to speculate
that mitochondria may have different DNA synthesis mechanisms,
one for 7S DNA synthesis and the other(s) for replication of the
genome-length mtDNA molecules. Our data implied that mtSSB is
involved in both of them, and the maintenance of the normal level of
mtSSB appears to be more signiﬁcant to the former.
Recently, two mitochondrial proteins, ATAD3 and polγB were
reported to be capable of binding to the D-loop, and modulation of
their expression levels in cultured cells inﬂuenced the organisation of
mitochondrial nucleoids [1,27,28]. It was thus proposed that the D-loop
acts as a protein recruitment centre for the regulation of nucleoid
dynamics and that theseproteins are involved in the regulation. Staining
of mitochondrial nucleoids in living HeLa cells using PicoGreen
ﬂuorescent dye suggested no appreciable change in the organisation
of the nucleoids upon knockdown of mtSSB and the concomitant loss of
7SDNA (Fig. 6). Our result thus suggested that the presence of 7SDNA is
not essential for the maintenance of normal mitochondrial nucleoid
organisation.
4.3. Possible association of mtSSB in human diseases
It is known that mutations in mtDNA maintenance genes can give
rise to autosomally inherited disorders with secondary mtDNA
instability, such as depletion and deletion, and the disorders are
recognised as a large group of human diseases [40,41]. It was pointed
out that several other known or unknown proteins should have
pathogenic mutations in mtDNA depletion syndromes (MDS) because
the reported mutations cannot account for all the MDS cases [41]. As
far as we are aware, there is currently no literature reporting a
mutation on mtSSB gene associated with MDS, unlike the genes for
the catalytic subunit of Polγ (PolγA) and Twinkle [41–43]. It could be
possible that an unknown mutation in the mtSSB gene that results in
disruption of the binding of mtSSB to DNA causes mtDNA depletion in
some MDS case. Alternatively, depletion of mtDNA could occur if the
gene expression of mtSSB was signiﬁcantly down-regulated. In
support of this idea, the absence of mtSSB protein caused mtDNA
depletion in ﬂy larval stage and in yeast [21,22].
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